Metformin, an insulin sensitiser from the biguanide family of molecules, is used for the treatment of insulin resistance in type 2 diabetes individuals. It increases peripheral glucose uptake and may reduce food intake. Based on the tight link between metabolism and fertility, we investigated the role of metformin on testicular function using in vitro culture of Sertoli cells and seminiferous tubules, complemented by in vivo data obtained following metformin administration to prepubertal chickens. In vitro, metformin treatment reduced Sertoli cell proliferation without inducing apoptosis and morphological changes. The metabolism of Sertoli cells was affected because lactate secretion by Sertoli cells increased approximately twofold and intracellular free ATP was negatively impacted. Two important pathways regulating proliferation and metabolism in Sertoli cells were assayed. Metformin exposure was not associated with an increased phosphorylation of AKT or ERK. There was a 90% reduction in the proportion of proliferating germ cells after a 96-h exposure of seminiferous tubule cultures to metformin. In vivo, 6-week-old chickens treated with metformin for 3 weeks exhibited reduced testicular weight and a 50% decrease in testosterone levels. The expression of a marker of undifferentiated germ cells was unchanged in contrast to the decrease in expression of 'protamine', a marker of differentiated germ cells. In conclusion, these results suggest that metformin affects the testicular energy content and the proliferative ability of Sertoli and germ cells.
Introduction
In many species, metabolism regulates several functions such as nutrition, growth, thermogenesis and reproduction. A tight link exists between nutrition and fertility (Hocking 1987 , Schneider 2004 . For example, if cellular energy balance is positive, such as in the case of obesity and insulin resistance, there is a reduction in reproductive ability in both sexes (Chou et al. 2014) . Abnormal amenorrhoea in females is the first sign of these adverse effects (Franks et al. 1996) , and in males there is a decrease in sperm production usually associated with altered sex hormone secretion (Rato et al. 2014) . One of the most frequent causes of female infertility is polycystic ovary syndrome (PCOS), which affects 5 -10% of women of reproductive age and is frequently associated with insulin resistance. PCOS is characterised by hyperandrogenia, cysts and a chronic absence of ovulation. Similarly, obese men are often associated with hypotestosteronaemia (Pasquali 2006) , and perturbed sexual maturity and gonadal activity. The domesticated chicken has been extensively selected for high growth rates and muscle development since 1950 (Havenstein et al. 2003) . Chickens are naturally hyperglycaemic (2 g/L) and are 'relatively' insulin resistant , making it an interesting model for studies focusing on type 2 diabetes in humans or obesity (Walzem et al. 2014) . Indeed, chickens mimic the early stage of type 2 diabetes in humans, as observed by both hyperglycaemia (up to 200 mg/dL in the fasting state) and resistance to exogenous insulin ). Several metabolic genes involved in obesity or diabetes are conserved with humans in contrast to rodents. In addition, chickens produce de novo lipids from the liver as in humans (Ji et al. 2014) .
However, the chicken presents an interesting peculiarity in that the time required to produce spermatozoa is notably shorter in comparison with others vertebrates (duration of the spermatogenetic process was on 14 days vs 35 and 64 days in the mouse and human respectively; Brillard & de Reviers 1981) . The chick testes, in contrast to those of most mammals, are internally located in the abdominal cavity. Avian testes share a similar histology with mammalian interstitial androgen-producing Leydig cells, and Sertoli and germ cells within the seminiferous tubules. Sertoli cells have a similar function to support, nourish, and protect germ cells, and are required for the appropriate differentiation of germ cells. The number of Sertoli cells will determine the number of germ cells and, therefore, the number of spermatozoa produced (de Reviers et al. 1980 , Petersen & Soder 2006 . To carry out these functions correctly, it is necessary that Sertoli cells are sensitive to external signals such as systemic energy levels, hormones, and exogenous factors, and that they are able to transmit this information to germ cells through the modification of the secretion of factors crucial for spermatogenesis.
Metformin, an insulin sensitiser, is known to mimic food restriction and may modulate male fertility. Tartarin et al. (2012) showed a decrease in testis size by 1 day postpartum after embryonic exposure of mice to metformin. Moreover, it appears that metformin decreases testosterone secretion in human and mouse testes in organotypic culture. However, there is evidence that metformin does not negatively impact the quality of fresh mouse spermatozoa, and its presence in cryopreservation protocols may induce a benefit for the postthaw quality of frozen semen (Bertoldo et al. 2014a) . A metformin-mediated improvement of sperm motility and viability was obtained after this procedure was applied to chicken spermatozoa (Nguyen et al. 2014) . The main mechanism of action of metformin is not completely elucidated. However, it is known that one of its actions is to block the respiratory chain complex I and inhibit ATP synthesis in mitochondria (Rena et al. 2013) . This action increases the AMP/ATP ratio, which induces and activates indirectly the energy sensor called AMP-activated protein kinase (AMPK).
Therefore, the aim of this study was to understand if metformin, which mimics food restriction and modulates cellular metabolism, affects the Sertoli and germ cell populations. Two complementary approaches were used, including i) the culture of chicken Sertoli cells and seminiferous tubules exposed to metformin and ii) in vivo administration of metformin to prepubertal chickens for 3 weeks to assess the consequences on testicular development and spermatogenesis.
Materials and methods

Animals
Male chickens (Ross) were purchased from the 'Institut de Sélection Animale', Saint Brieuc, France. Chickens were housed with access to feed and water ad libitum and were maintained in a 16 h light:8 h darkness photoperiod. All animal procedures were carried out in accordance with the European legislation for animal experimentation (directive 86/609/EEC) and with French legislation on animal research. The procedures were approved by the Ethics Committee of Val de Loire (CEEA VdL, Comité d'Ethique pour l'Expérimentation Animale du Val de Loire, no. 01607.02). For in vivo exposure, chickens were treated with 0.5 mg/mL metformin in the drinking water (Sigma) starting at 6 weeks of age for 3 weeks in order to provide an average dose of 150 mg/kg per day, with the concentration of metformin adjusted in the drinking water each day (Chen et al. 2011) . We carried out two experiments with four birds per condition.
Physiological and blood parameters
Feed, water intake and body weight were monitored every 2 days for each animal/condition. Blood was collected after overnight-fasting and then after a regular feeding. Glucose, phospholipid, triglycerides and cholesterol concentrations were measured in blood by using spectrophotometric assays (Sigma and Biolabo, Maizy, France). After the animal were killed, abdominal fat was retrieved and weighted.
Culture of chicken Sertoli cells
For each culture, Sertoli cells were purified from testis of two 6-week-old chickens previously killed by electronarcosis as described previously (Guibert et al. 2011 (Guibert et al. , 2013 . Sertoli cells were cultured in HEPES-buffered F12/ DMEM (Sigma) supplemented with 100 units/mL penicillin and 100 µg/mL streptomycin (Sigma) and 5% FCS for 12 h at 37°C in a humidified atmosphere of 5% CO 2 . The medium was changed to 1% FCS every 48 h. Sertoli cells were seeded at a density of 5 × 10 5 cells/well and stimulated or not for 48 h with metformin (5 mM) followed by a short stimulation (15 min) with 10 ng/ mL ovine follicle-stimulating hormone (oFSH; Sigma) for immunoblotting or only with metformin to measure metabolite content (lactate, ATP). The metformin concentration was selected after kinetic and dose-response experiments performed on the ability to phosphorylate the AMPK, a molecular target of metformin, in chicken Sertoli cells. The 5-bromodeoxyuridine (BrdU) incorporation analysis was carried out on Sertoli cells seeded in chamber slides (2.5×10 4 cells/chamber). After stimulation, the media and cells were collected and stored at −80°C until analysis. At least three to eight different cultures were carried out as described in the figure legends.
Culture of chicken seminiferous tubules
Seminiferous tubules (containing germ and Sertoli cells) from 6-week-old chickens contain mainly spermatogonia and type I spermatocytes. Seminiferous tubules were prepared as described previously (Guibert et al. 2013) and seeded in static 24-well cell culture polyethylene terephthalate inserts (pore 0.4 µm, WWR, Fontenay sous Bois, France) as described previously (Djakiew & Dym 1988 , Staub et al. 2000 , Legendre et al. 2010 . This was carried out in order to preserve germ cells on polarised Sertoli cells in a dynamic culture using the Quasi-Vivo system (Kirkstall Ltd, Rotherham, UK). The Quasi-Vivo System places inserts in silicone culture QV500 chambers (same dimension as those of 24-well plates) that permit culture medium to flow (250 µL/min) for 96 h (Supplemental Data 1, see sec tion on supplementary data given at the end of this article; Pirke et al. 1982) . The density of 529 www.reproduction-online.org
Reproduction (2016) 151 527-538 seminiferous tubules seeded per insert was estimated at 120 000 cells/insert. The culture medium consisted of F12/DMEM supplemented with antibiotics, 500 µM pyruvate, 10 µg/mL transferrin, 10 7 M testosterone, 17.6 µg/mL vitamin C, 10 µg/mL vitamin E, 86 ng/mL vitamin A, 5 ng/mL oFSH and 1.10 9 M recombinant human insulin-like growth factor 1 (Sigma), and 1% FCS (GE Healthcare, Velizy-Villacoublay, France). The concentration of compounds in the medium was similar or less than that measured in chicken blood, except for the testosterone secreted by Leydig cells which present in the testis at higher levels than in the blood flow. In static culture, only the basal medium was changed every 48 h. After 96 h of metformin (5 mM) incubation, cells were trypsinised, fixed for 10 min in 4% paraformaldehyde (PFA)/PBS, and stored at +4°C until immunostaining for flow cytometric analysis. Six different cultures were repeated.
Cell proliferation of chicken Sertoli cells
For BrdU incorporation, the cells were seeded at a density of 2.5 × 10 4 cells/well in DMEM/F12 supplemented with 5% FCS for 12 h, then the medium was changed which contained DMEM/F12 with 1% FCS, and the cells were cultured in the presence or absence of insulin (100 ng/mL, Sigma) or metformin (5 mM, Sigma) for 48 h. Twenty-four hours after stimulation, 10 µM BrdU (Sigma) was added to the culture medium for 24 h. Finally, cells were fixed in 4% PFA/PBS. BrdU positive cells were identified by indirect immunofluorescence as described in Migliorini et al. (2002) and counted with a minimum of 100 cells in duplicate for each culture condition and per culture. Analysis was carried out on three different cultures.
Immunohistochemistry
Chicken testes fixed in formalin were embedded in paraffin after successive dehydration steps. About 5 µm thick sections were deparaffined, rehydrated, and microwaved for 5 min in an antigen unmasking solution (Vector Laboratories, Inc., AbCys, Paris, France). After washing (5 min twice in PBS), the sections were immersed for 10 min in peroxidase blocking reagent to quench endogenous peroxidase activity (DAKO Cytomation, Ely, UK). After washing, non-specific background was eliminated by blocking with 5% lamb serum in PBS for 20 min, followed by an overnight incubation at 4°C with PBS-BSA 1% and primary antibody at 1:100 dilution. Antibodies raised against pan-AMPKα (PRKAA1) (both isoforms, Upstate Biotechnology, Inc., Lake Placid, NY, USA), pan-AMPKβ (PRKAB1) (both isoforms), AMPKγ1 (PRKAG1), and AMPKγ3 (PRKAG3) (Cell Signalling). Rabbit IGG was used as a negative control. The washed sections were incubated for 1 h with a ready-to-use-labelled polymer-HRP anti-rabbit solution (DAKO Cytomation Envision plus HRP System). Then, sections were washed and incubated in 3,3′-diaminobenzidine solution (Sigma). The slides were counterstained with Meyer's haematoxylin and mounted in mounting medium (Sigma).
Immunofluorescence
Deparaffinised and rehydrated 5 µm sections were washed in PBS, then incubated in 0.1 M glycine/PBS (15 min) and permeabilised with 0.15% Triton X-100 (w/v) in PBS containing 1% BSA (20 min). Non-specific binding sites were blocked by incubating in 2% BSA/PBS (20 min).
The germ cells were stained by antibodies produced by immunisation against the purified N-terminal partial of the chicken Vasa homologue (cVH) protein raised in rabbit (Guibert et al. 2013) . cVH is a germ cell marker detected in cell stages from spermatogonia to round permatids (Tsunekawa et al. 2000 , Lavial et al. 2009 ). The sections or cells were incubated 60 min with anti-cVH antibody (diluted at 1:100) or chAMH rabbit serum. The rabbit serum was produced by immunisation with purified N-terminal His-tagged partial chicken AMH protein (from amino acid 66 to the C-terminus) and was a kind gift of Drs D Carré-Eusèbe and E Oréal (INSERM U782, Clamart, France). Then the section were washed and incubated with a goat anti-rabbit Alexa-488 antibody (1:500, 30 min, Invitrogen) at room temperature, protected from light. After a next wash, the sections were mounted in Vectashield Mounting Medium (Vector Laboratories, Inc., AbCys).
Morphometric measurements of seminiferous tubules
The diameters of seminiferous tubules were measured with round or nearly round tubules from each testicular section stained with Meyer's haematoxylin (Sigma). At least 40 measurements of diameter of transverse sections of seminiferous tubules for each testis were measured using an ocular measuring device. Analysis was carried out on four different chickens per treatment.
Apoptosis analysis
Activity of the cleaved form of caspase 3 (CASP3), a mediator of programmed cell death, was measured by caspase 3/7 Glow Assays according to the manufacturer's instructions (Promega). Doxorubicin is a chemotherapeutic agent used in the treatment of cancer. As a positive control, cells were exposed to doxorubicin (0.2 µg/mL) for 24 h (Sigma) as described in Froment et al. (2008) . Analysis was carried out on three different cultures in triplicate for each condition.
Metabolites and hormone assays
Lactate and glucose concentrations were determined according to commercial spectrophotometric assays (Sigma), phospholipid, triglyceride, and cholesterol concentrations were measured in blood using a colorimetric assay kit (Biolabo). cAMP and ATP concentrations were measured by using the cAMP-Glo Assay and the Cell-Titer-Glo Assay (Promega). The testosterone concentrations were determined by RIA in blood after solvent extraction as described previously (Hochereau-de Reviers et al. 1990) . The sensitivity of the assay was 15 pg/tube, and the intra-assay coefficient of variation (CV) was 5.3%. Inhibin concentrations were measured using an enzyme immunoassay (EIA) with inhibin, the α-subunit (1 -32) (Human) EIA Kit (Phoenix Pharmaceuticals, Inc., Belmont, CA, USA). The inhibin EIA Kit has previously been tested in chicken (Blomqvist et al. 2006) . The intra-assay CV was below 10%, and the average detection limit of the assay was 0.09 ng/mL. All standards and samples were assayed in triplicate. The results obtained from testis lysates for each assay were normalised with the protein concentration in each sample. At least three different cultures were analysed as detailed in figure legends.
PCNA, DAZL and PTM1 assays
The measurement of the following cell markers in the testis lysates was carried out by ELISA Kit to analyse cell proliferation (chicken proliferating cell nuclear antigen, PCNA, a marker of cell proliferation, Cusabio, Eurobio, Courtaboeuf, France; n = 5 cultures), the immature germ cell content (chicken deleted in azoospermia-like, DAZL, a marker of spermatogonia; Cusabio, Eurobio; n = 6 different chickens/condition), and the mature germ cell population (chicken protamine 1, PTM1, a marker of spermatid, Bluegene, Hoelzel-Biotech, Köln, Germany; n = 5 different chickens/condition).
Immunoblotting
Testis and isolated Sertoli cells were prepared by three repeated freeze-thaw cycles in a lysis buffer containing (10 mM Tris (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA and 0.5% Igepal) and protease and phosphatase inhibitors (Sigma) as described in Froment (2004) . Proteins were submitted to electrophoresis on SDS-PAGE under reducing conditions. After transfer, the membranes were incubated overnight at 4°C with antibodies against phospho-(Thr172) AMPKα (New England Biolabs, Inc., Beverly, MA, USA), AMPKα1 (Upstate Biotechnology, Inc.), PCNA, phosphorylated (Ser473) protein kinase B (AKT), AKT, phosphorylated (Thr202/Tyr204) ERK1/2, cyclin D2 (Cell Signalling), ERK, P21 and P27 (Santa Cruz Biotechnology), and vinculin (VCL) (Sigma). All antibodies were used at 1:1000 dilution. As secondary antibodies, HRP-linked sheep anti-mouse IGG antibody or donkey anti-rabbit IgG antibody (1:10 000, Amersham Biosciences) was used. The signal was detected by ECL (Amersham Pharmacia) and quantified using Image Analysis Software (ImageJ, v 1.48, NIH). The results are expressed as signal intensity in arbitrary units, after normalisation by an internal standard (total protein for phosphorylated proteins or vinculin) and correspond to the mean of three separate experiments.
Flow cytometric analysis
Cultured seminiferous tubules were trypsinised, fixed in 4% PFA/PBS, washed with PBS and permeabilised (20 min) on ice with 0.15% Triton X-100 (w/v) in PBS containing 1% BSA as described in Guibert et al. (2011) . Analysis was carried out on six different cultures.
Then, cells were incubated with an anti-cVH antibody (diluted at 1:100) in blocking buffer (PBS/1% BSA/10% FCS) for 2 h at 4°C. The incorporation of BrdU in mitotic or meiotic DNA was quantified by the modified protocol described earlier using the anti-BrdU antibody. For negative control, cells were incubated with mouse or rabbit IGG. After washes in 1% BSA/ PBS, cells were incubated with a goat anti-rabbit Alexa 633 antibody or a goat anti-mouse Alexa-488 antibody (1:500, 2 h at 4°C; Invitrogen) in blocking buffer. After the last wash, the labelled cells were filtered in a 70 µm pore size cell strainer and analysed with a MoFlo High-Speed Cell Sorter (Beckman Coulter) equipped with a solid-state laser operating at 488 nm and 100 mW. Forward scatter and side scatter were recorded to define the morphological characteristics and provide gating parameters for selection of the testicular cells population. A minimum of 4 × 10 4 cells was counted for each analysis. Files were further analysed using Summit 4.3 Software (Beckman Coulter).
Statistical analyses
Data were presented as the mean ± s.e.m. One-way ANOVA followed by the Newman-Keuls post hoc test, or two-way ANOVA followed by the Bonferroni's post hoc test, was used to compare different conditions and cultures. Unpaired t-test was used to compare treated animals with control animals. Statistical analysis was performed by using GraphPad Prism 5. Values were determined to be significant when P≤0.05, *P < 0.05; **P < 0.01 and ***P < 0.001 or a, b and c when P≤0.05 for different conditions.
Results
Proliferation of chicken Sertoli cells in vitro
There were no clear differences in cellular morphology of chicken Sertoli cells cultured in the presence of metformin (Fig. 1A) . However, an investigation of the effects of metformin on the proliferation of Sertoli cells in vitro revealed a significant 20% decrease in BrdU-positive Sertoli cells in comparison to that of the control (Fig. 1B) . As expected, insulin used as a positive control increased the proliferative capabilities of Sertoli cells (Fig. 1B) . These results were confirmed by the expression of PCNA, which was significantly reduced after metformin treatment, and an increase in the P21 levels (Fig. 1D) . However, a slight but not significant decrease in cyclin D2 (CCND2) levels was observed (Supplemental Data 2). In addition, metformin exposure for 48 h did not significantly modify the activities of caspase 3/7, a marker associated with apoptosis (Fig. 1C) , and these results were consistent with those obtained by trypan blue exclusion staining (data not shown).
Bioenergetic activity of chicken Sertoli cells
We next investigated whether metformin modified energy production in Sertoli cells. The ATP production was reduced to 70% after metformin treatment ( Fig. 2A) and the amount of lactate secreted into the culture media (Fig. 2C) was increased by twofold when cells were treated with metformin. Regarding cAMP, an important intracellular signalling factor of Sertoli cells (Fig. 2B) , and inhibin, an important reproductive hormone (Supplemental Data 3A), no significant differences were observed in their productions. Two additional pathways playing an important role in the secretion or interaction functions in Sertoli cells were studied, including the phosphoinositide-3-kinase (PI3K)/AKT and MAPK/ERK pathway (Crepieux et al. 2001 , Khan et al. 2002 . Under the conditions evaluated in this study, metformin was associated with a trending but not significant increase in AKT phosphorylation (Fig. 3A) . In addition, ERK phosphorylation was increased after oFSH stimulation, but metformin exhibited no effect on ERK compared with the control (Fig. 3B) . The ERK pathway is regulated by FSH and could modulate Sertoli cells function, but it is unknown whether AKT and ERK are involved in the action of metformin in controlling testicular function.
Consequences of metformin on germ cell populations in vitro
The consequences of metformin on germ cell maturation were studied using a culture of seminiferous tubules in a static culture (inserts) and in a dynamic culture using the Quasi-Vivo System in which the culture medium continually circulated and mimicked blood flow (Supplemental Data 1). The number of germ cells was quantified by flow cytometry. Germ cells were detected after immunolabelling against the cVH (Fig. 4A, arrow) . Flow cytometry showed that the population of cVHimmunoreactive cells had incorporated BrdU (Fig. 4B,  circle) . In the two systems, the number of germ cells was reduced in the presence of metformin treatment. A 90% reduction in cVH cells incorporating BrdU was observed after exposure to metformin in static culture (Fig. 4C) .
AMPK: an energy sensor activated by metformin in the chicken testis
We localised by immunohistochemistry the presence of several AMPK subunits in chicken testes. The AMPKα1/2 subunit is expressed in seminiferous tubules and to a lesser extent in Leydig cells (Fig. 5A ). The AMPKβ1/2 and AMPKγ1 subunit are mainly expressed within seminiferous tubules (Fig. 5A ). AMPKγ3 is located only in Leydig cells (Fig. 5A) . Thus, we have tested if metformin is able to activate AMPK in Sertoli cells which composed the seminiferous tubules. In purified Sertoli cells, at least 500 µM metformin concentration was required for optimal phosphorylation of catalytic subunit of AMPK (Supplemental Data 4A) and the time required for stimulation was 60 min (Supplemental Data 4B).
Effect of metformin treatment in chicken
To measure the effect of metformin administration on testis development under in vivo conditions, chronic exposure to metformin was carried out by adding 150 mg/ kg metformin to the drinking water. The treatment was Insulin was used as the positive control (100 ng/mL; control n = 4, metformin n = 3, insulin n = 3, each condition per culture was carried out in duplicate). (C) Apoptosis was measured by cleaved caspase 3 activity. Caspase 3/7 activities were evaluated after 48 h of metformin (5 mM). Doxorubicin was used as a positive control (0.2 µg/mL for 24 h; n = 3 experiment carried out in triplicate). (D) PCNA, P21 and P27 expression was measured by western blotting analysis. Sertoli cells were stimulated for 48 h with or without metformin (5 mM). Expression levels were normalised by vinculin (n = 3-5). Different letters indicate significant differences (P < 0.05). *P < 0.05 and **P < 0.01. carried out for 3 weeks beginning at 6 weeks of age (prepubertal stage). After exposure, neither the food intake nor water consumption was affected (Table 1) . The weight gain of chickens was not modified, and the same weight was observed for abdominal fat/total body weight (Table 1) . Analyses of blood parameters in the two group (Table 2) did not show a difference in the glucose, phospholipid, cholesterol and triglyceride parameters when animals were fasted or were fed.
Effect of metformin on markers of testis development
The weight of testes of animals treated with metformin significantly decreased by 40% in comparison to that of control testes (Fig. 6A ). This result was associated with a reduction in the diameter of the seminiferous tubules in treated chickens (Fig. 6B) . It should be noted that the lumen was more developed in control testes, and also the presence of few spermatids (arrows) in the adluminal area in contrast to testes treated with metformin (Fig. 6C) . Furthermore, strong AMH staining was localised around the lumen in metformin-treated testes (Fig. 6D) . The decreased level of PCNA observed in vitro was not recovered in the testis lysates (Fig. 6E) . No apoptosis was observed after metformin exposure (Fig. 6F ). In addition, testosterone levels were significantly lower in treated chickens compared with controls ( Fig. 7A) , but the serum concentration of inhibin did not differ significantly (Supplemental Data 3B). The intratesticular content of ATP ( Fig. 7B ) was reduced following metformin treatment, which is consistent with the in vitro data. No difference was observed in cAMP content (Fig. 7C ) and the lactate content in vivo after metformin treatment (Fig. 7D) . Finally, we measured the consequences of metformin administration on the germ cell population by immunostaining with the cVH marker. During male germ cell development, cVH protein is expressed from the spermatogonia stage to the spermatid stage. In control testes, some cVH-negative germ cells were localised around the lumen of the seminiferous tubules ( Fig. 8A1 and A2) , suggesting the presence of the most mature germ cells, but which are absent in metformin-treated testes (Fig. 8A3 and  A4) . Quantification of the specific primordial germ cell marker DAZL, reflecting the abundance of spermatogonia (Rengaraj et al. 2010) , was not altered between the two groups (Fig. 8B) . However, the content of the spermatidspecific marker, protamine, was significantly lower in metformin-treated testes compared with control testes ((7.9 ± 0.5 ng protamine/µg total protein for control vs 5.8 ± 0.4 ng protamin/µg total protein on metformin testis, Fig. 8B ) as observed in Fig. 8A ), suggesting a delay in the maturation of germ cells.
Discussion
In this study, we showed that in vitro metformin exposure was associated with reduced cellular proliferation and variations in the secretory ability of Sertoli cells. Moreover, we demonstrated a negative effect of metformin exposure on the germ cell population. In vivo, metformin exposure induced a decrease in testis weight and in spermatid production, suggesting that 3 weeks of metformin administration in drinking water is sufficient to delay spermatogenesis. The phenotype induced by metformin exposure could in part involve the energy sensor AMPK.
The first effect measured in vitro after metformin exposure was a reduction in cellular proliferation. We observed a reduction in cellular proliferation in vitro after metformin treatment. Accordingly, in vivo metformin treatment of an immature chicken induced a decrease in testis weight. The prepubertal period in chickens (7 -10 weeks old) is a proliferative period for Sertoli cells and crucial for growth because the number of total Sertoli cells per testis increases from 1 to 5 million at 1 day of age to more than 100 million Sertoli cells/testis at 8 -10 weeks of age (de Reviers et al. 1971) . In addition, the number of Sertoli cells is critical in determining testicular weight and sperm production (de Reviers 1980), because Sertoli cells support a relatively fixed number of germ cells in each species (Holsberger et al. 2005) . Although we observed a reduction in the proliferative activity of Sertoli cells and germ cell population in vitro, the population of spermatogonia in vivo was not altered. This suggests that an inhibition in mitosis and/or meiosis would have occurred. This hypothesis is in agreement with previous studies in which deletion of two genes encoding the inhibitors of the cell cycle (p27Kip1 and p21Cip1) in mouse Sertoli cells increased the Sertoli cell population, the testis weight and daily sperm production (Holsberger et al. 2005 ). In addition, previous studies have described the inhibition of cell proliferation after metformin treatment in cells derived from breast cancer (Alimova et al. 2009 ) and colon cancer (Buzzai et al. 2007) . Moreover, the protein levels of cyclin D2, a factor present in Sertoli cells that is critical for the G1/S progression factor, are not clearly affected (Tan et al. 2005) . However, in our model, we have shown that the inhibition of the cell cycle by metformin could be realised by higher P21 levels.
Because the main role of Sertoli cells is to support and nurse the germ cells, we have evaluated the differentiated functions of Sertoli cells by measuring the production of lactate and inhibin, which are two major products of Sertoli cells (Jutte et al. 1981) . In vitro we observed that metformin induced a twofold increase in lactate production in chicken Sertoli cell cultures, but the lactate level remained unchanged in the whole testis in vivo. The discrepancy in results obtained in vitro and in vivo could be due to the time of exposure, the presence of several other cell types in the testis (Leydig, peritubular and germ cells), the presence of glucose and other factors involved in the Sertoli cell microenvironment that can modify the effects of metformin in comparison to Sertoli cell culture in vitro. Nonetheless, these results are concordant with previous experiments carried out on rat Sertoli cells with 50 and 500 µM metformin which have shown an increase in lactate and acetate secretion . Testosterone levels were also reduced by 50% after metformin administration in vivo. Testosterone is known to be crucial for spermatogenesis. These results are concordant with those obtained in mammals (Tartarin et al. 2012a) , suggesting a conservation of this mechanism in birds. Interestingly, activation of the AMPK pathway by another pharmacological drug (AICAR) in rat Sertoli cells stimulated lactate production (Galardo et al. 2007 ). Under our conditions, the lactate production could be due to the role of metformin in inhibiting the respiratory chain complex 1, blocking mitochondrial activity (Leverve et al. 2003) and promoting anaerobic respiration (Rena et al. 2013) . Bertoldo et al. (2014a) remarked that mitochondrial activity of mouse spermatozoa is reduced after metformin incubation. Indeed, insulin increases lactate and transferrin production and glucose transport in rodent Sertoli cell cultures (Borland et al. 1984 , Oonk et al. 1989 . As metformin is known to sensitise tissue to insulin and stimulate glucose transport, we cannot exclude an effect through insulin. Furthermore, we measured the effects of metformin on testosterone levels as others studies have reported an inhibition in steroid production by metformin. Metformin exposure of human and mouse testes cultured in vitro caused a reduction in testosterone secretion associated with a decrease in the expression of different enzymes involved in testosterone biosynthesis. In primary rat Leydig cell culture, the use of a natural AMPK ligand (curcumin; Zang et al. 2006) decreases testosterone secretion through a reduction in cholesterol transport into the mitochondria and decreased conversion of progesterone into androstenedione (Svechnikov et al. 2009 ). In females, metformin reduced progesterone and oestradiol (E 2 ) secretion by bovine granulosa cells, via downregulation of proteins involved in steroid production (Tosca et al. 2006) , and metformin reduced aromatase activity in human granulosa cells (Rice et al. 2009 ). In our model, the decrease in serum testosterone levels was not associated with the overall growth rate of the treated birds, despite that testosterone is associated with muscle development and growth rate (Bhasin et al. 2001) .
Moreover, we observed an effect of metformin on the germ cell population in culture and in vivo, suggesting a direct effect on germ cells. There was a significant reduction in testis weight, associated with a decrease in the diameter of seminiferous tubules and in the testicular content of the protamine spermatid marker. The absence of alterations in the immature germ cell marker content (DAZL) after metformin exposure was associated with a reduction in protamine content, suggesting an effect on sperm production or in the maturation process during meiosis. This hypothesis is supported by the in vitro data showing a decrease in the percentage of BrdU-positive cVH cells after metformin treatment. Similar observations have been reported in female germ cells. The maturation of bovine and porcine oocytes in vitro was inhibited in the presence of metformin (Tosca et al. 2007 , BilodeauGoeseels et al. 2014 . The decrease in protamine content could be associated with a decrease in testosterone. Indeed, germ cells receive the androgen signal through (B) Testicular content of the spermatogonia marker (DAZL, n = 6 testes/condition) and (C) spermatid marker (protamine, n = 5 testes/condition), from untreated or metformin-exposed chicken. DAZL is expressed in spermatogonia and immature germ cells, and protamine is expressed in spermatids and differentiated germ cells. *P < 0.05.
Sertoli cells that possess androgen receptors. Full spermatogenesis is dependent on adequate serum testosterone levels, explaining why the specific invalidation of the androgen receptor in mouse Sertoli cells induces perturbed spermatogenesis, and is evidence that androgens act through Sertoli cells during male germ cell development (De Gendt et al. 2004) . These observations could also be linked to a study (Ibanez et al. 2006 ) using metformin to delay precocious puberty in humans. Metformin may induce different effects depending on the age, stage of development, the metabolic status (insulin resistant or not), the species, dose and method of administration of the insulin sensitiser. Thus, there is data indicating that metformin administration in adult obese rats fed high-fat diet restores reproductive parameters (testosterone, E 2 , semen quality and testis weight; Yan et al. 2015) . In addition, there is a recent report of an increase in the percentage of intersex fish after metformin exposure during developmental stages at environmental doses, without clear effects on testosterone levels and gonad appearance (Niemuth et al. 2015) . These data are complemented by those of Tartarin et al. (2012a) , who observed decreased testosterone production in vitro and decreases in testis size in mice exposed to metformin during foetal development of animals unaffected by type 2 diabetes.
Based on the present results described in this study, we cannot exclude the effects from other organs, such as the hypothalamic-pituitary-axis (Fernandez-Fernandez et al. 2006 , Bertoldo et al. 2014b . Indeed, in several species, including birds, lower luteinising hormone (LH) levels correlated with testis growth, testosterone levels and delays in puberty (Sedqyar et al. 2008) . In rat pituitary gonadotrope cells, metformin has been described to inhibit LH and FSH secretion induced by gonadotrophin-releasing hormone (GNRH; Tosca et al. 2011) . In immortalised murine GNRH hypothalamic neurones, metformin increased the activation of AMPKα and inhibited the GNRH release (Coyral-Castel et al. 2008) , which could reduce gonadotrophin release.
The AMPK signalling pathway is described as one of the known targets of metformin. Previous studies on rat and mice demonstrated the presence of AMPK in testis (Cheung et al. 2000 , Galardo et al. 2007 , Tartarin et al. 2012b . In the chicken testis, both AMPKα, AMPKβ and the AMPKγ1 subunit were localised in the seminiferous tubules. Our results are in concordance with those of Cheung et al. (2000) who detected higher concentrations of AMPKγ1 subunits and less AMPKγ3 in rat testes. These results may be explained by the testis volume that 90 -95% of which is occupied by seminiferous tubules and only 5 -10% by Leydig cells (De Reviers 1971 , Cheung et al. 2000 . The PI3K and ERK pathways that play a role in the testicular signalisation did not seem to be modulated after metformin exposure in Sertoli cells in vitro.
In conclusion, the in vitro and in vivo approaches used in this study have shown that metformin significantly reduces the proliferation of somatic and germ cells and modulates the metabolism and the secretory activities of the chicken Sertoli cells. Further evaluating the effects of metformin in terms of semen quality and the fertility of mature birds would be an interesting avenue of future research.
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